BACKGROUND AND PURPOSE: HGPS is a rare disorder of segmental aging, with early morbidity from cardiovascular and cerebrovascular disease. The goal of this study was to identify the neurovascular features, infarct type, topography, and natural history of stroke in the only neurovascular imaging cohort study of HGPS.
Cardiovascular and cerebrovascular events in patients with HGPS result in significant morbidity and mortality, with an early death at a mean age of 13 years. 1 The latter stage of HGPS is marked by episodes of angina, myocardial infarction, TIAs, and stroke. Cardiovascular disease in HGPS has been characterized in several prospective cohort studies. 9, 10 Postmortem studies have identified fatty plaques and complex calcified lesions within coronary arteries. 6, [11] [12] [13] Despite the prevalence of cerebrovascular disease in HGPS, little is known about the nature of strokes and vascular characteristics of the head and neck in these patients. Carotid sonography has identified atherosclerotic plaque in cervical arteries 9, 10 and isolated case reports of ICA and VA stenoses and occlusions in children with HGPS have presumed atherosclerosis as the underlying etiology in the absence of histologic confirmation. The goal of this study was to determine the incidence, imaging characteristics, and natural history of cerebrovascular disease in a large cohort of children with HGPS and to compare these findings with the established characteristics of cerebrovascular disease in the aging non-HGPS population.
MATERIALS AND METHODS

Patients and Data
Patients were identified from The Progeria Research Foundation Medical and Research Database (Brown University Center for Gerontology and Health Care Research, Providence, Rhode Island). Eligible individuals had a genetic and/or clinical diagnosis determined by the phenotype of HGPS and at least 1 MRI or CT of the head or neck. Indications for neuroimaging and coincident neurologic assessments were abstracted from medical records. We have previously reported on the neuroanatomic features of this cohort; numbers pertaining to study indications in this report differ slightly due to various types of examinations reviewed.
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Neuroimaging Studies
A neuroradiologist (V.M.S.) and a neurologist (N.J.U.) interpreted all neuroimaging studies in consensus reading sessions. Neurovascular studies were also reviewed by a neuroradiologist/ neurointerventionalist (D.B.O.). There was considerable variability in imaging available from different institutions; therefore, the frequency of findings was expressed as the number of patients with a positive finding relative to the number of patients in whom imaging allowed adequate assessment of that finding, rather than as a proportion of the entire cohort, so as not to under-represent the prevalence of the finding in the population as a whole. The degree of cerebral and cervical arterial stenoses was assessed visually. High-grade stenosis resulting in complete occlusion or vascular amputation without residual signal flow downstream was termed "occlusion", whereas arterial stenosis resulting in a decrease in the vascular diameter with residual flow signal downstream was termed "narrowing". Mild stenosis assessed at Ͻ25% was not considered narrowed. Arterial enlargement was defined as visualization of an artery not normally visualized and/or visualization of an artery that was increased in luminal diameter. Limitations of the range and quality of imaging studies in the cohort precluded more detailed grading of stenosis and compensatory enlargement. Regardless of laterality or side, infarct type and distribution and arterial stenoses were counted as a maximum of 1 per patient.
Statistical Analysis
Descriptive statistics were used to assess the prevalence of vascular events and vascular anatomic features. If a stroke was present on the first available imaging study, whether acute or chronic, the patient's age at that scan time was taken as the age of first identification of a stroke. A Kaplan-Meier survival analysis was then performed to estimate the stroke-free probability.
Institutional Approvals
This Health Insurance Portability and Accountability Act-compliant study was approved by the institutional review boards of Rhode Island Hospital and Brown University. Informed consent was obtained by the principal investigator (L.B.G.).
RESULTS
Patient Demographics
On-line 15 On the basis of phenotype, 3 children were presumed to have a classic mutation and 1 was presumed to have a nonclassic progerin-producing mutation.
Neuroimaging Characteristics
Twenty-five children provided 126 imaging studies from birth to 14.1 years (On-line Table 1 ). Of these, 19 patients had longitudinal follow-up imaging with a mean of 4.1 scans/patient and a mean duration of imaging follow-up of 2.8 years. The most frequent indications for imaging were evaluation of acute neurologic symptoms, diagnostic evaluation, or follow-up of prior abnormal imaging findings (Table) .
Timing of Stroke Presentation
Fifteen children (60%) had evidence of cerebral infarction on imaging (On-line Table 1 ). The mean age at which infarction was first identified on neuroimaging was 6.8 years (range, 0.4 -10.7 years). Infarct was noted on the initial imaging study in 11/15 (73%). In 6/11 (55%) with infarction noted on the first imaging study, there were no acute neurologic symptoms, suggesting that these were clinically silent infarcts. Stroke incidence in boys was 9/14 (64%) versus 6/11 (55%) in girls. The Kaplan-Meier model of stroke-free probability estimated 50% of children to have radiographically detectable stroke by the age of 8 years (95% confidence interval, 5.8 -10.3 years) (Fig 1) . Ten children (40%) did not demonstrate any infarct on MR imaging during the period of radiologic observation (oldest patient ages at imaging ranged from birth to 12.2 years).
Pattern of Infarction and Vascular Changes
The spectrum of infarct topography included arterial territorial, white matter, lacunar, and watershed infarcts (Figs 2 and 3 ).
There were 16 large-vessel territorial infarcts, 7 watershed infarcts, 15 focal deep and/or subcortical white matter infarcts, and 5 lacunar infarcts. Nonspecific white matter changes were seen in 11 patients. The large-vessel territorial infarcts were seen in all vascular territories, with a predominance of MCA infarcts. No brainstem, cerebellar, or hemorrhagic infarcts were observed.
On-line Table 2 shows the neurovascular imaging characteristics. Vascular assessment of the neck was available in 10/25 (40%) patients. We noted narrowing of the cervical CCA in 1/10 (10%), narrowing of the cervical ICA in 3/10 (30%), and stenosis of the origin of the cervical VA in 1/9 (11%). Calcification of the CCA, cervical ICA, external carotid artery, or VA was identified in 1/2 (50%) patients (Fig 4) . A robust finding was narrowing of the distal V2/proximal V3 segment of the VA centered at the C2 level, which was seen in 9/11 (82%) patients (Fig 5) . The presence of prominent collateral vessels in the neck, in conjunction with narrowing of the distal V2/proximal V3 segment of the VA, was evidenced by enlargement of deep cervical arteries in 7/9 (78%), ascending cervical arteries in 4/10 (40%), and occipital arteries in 7/10 (70%) studies (Fig 5) . Enlargement and tortuosity of the anterior and posterior spinal arteries were seen in 8/10 (80%) and 3/10 (30%) patients, respectively (Fig 6) .
The most frequently noted intracranial arterial stenoses involved the ICA (Fig 7) . There was narrowing or occlusion of the precavernous ICA in 11/13 (85%), the cavernous ICA in 12/13 (92%), and the supraclinoid ICA in 7/13 (54%) patients, respectively. Narrowing of the ACAs and MCAs was frequently seen in 8/13 (62%) and 6/13 (46%) patients, respectively, while narrowing of the PCAs was less commonly observed in 2/14 (14%). No patient demonstrated narrowing of the V4 segment of the VA or narrowing of the basilar artery.
Collateral vessels were a common finding within the suprasellar, subfrontal, and perisplenial regions (Fig 8) . Bright signal on FLAIR images within cortical sulci, representing slow cortical collateral flow, was seen ipsilateral to arterial stenoses in 14/21 (67%) cases (Fig 3B) . Enlargement of the internal maxillary arteries in 6/11 (55%) studies and middle meningeal arteries in 5/11 (45%) studies was considered a marker for external carotid branch collateral supply to the brain.
No aneurysm, arterial dissection, AVM, arteriovenous fistula, venous sinus thrombosis, or subarachnoid blood was observed.
DISCUSSION
Neurovascular Arteriopathy in HGPS
Vascular abnormalities in the brain are commonly found in children with HGPS. We observed stenosis/occlusions of the cavernous and/or precavernous ICAs in 92% of patients. Narrowing of the ACA, MCA, and PCA was also observed, though no patient had narrowing or occlusion of the V4 segment of the VA or basilar artery. Prior reports have suggested that these vascular changes in HGPS are a manifestation of atherosclerotic disease. [16] [17] [18] [19] However, although both cerebrovascular atherosclerosis and HGPS demonstrate narrowing and occlusive disease of major intracra-FIG 1. Kaplan-Meier model of stroke-free probability depicts the youngest ages of patients at which imaging demonstrated Ն1 infarct, acute or chronic. The solid line shows the estimated stroke-free probability; dashed lines, the 95% CIs; and the dotted lines, the estimated age at which 50% of children have radiographically detectable stroke. nial arteries, the distribution of neurovascular findings observed in our cohort deviates from what is classically described in intracranial atherosclerosis in the elderly. Intracranial atherosclerosis typically involves the cavernous ICA, MCA, midbasilar artery, V4 segments of the VA, and the PCA. Furthermore, in adult atherosclerosis, MCA narrowing is more common than is ACA stenosis, in contrast to our study population, in which the inverse was observed. Among the most frequent observations in our cohort were proliferative collateral vessel formation within the suprasellar, subfrontal, and perisplenial regions; enlargement of the internal maxillary and middle meningeal arteries; and slow compensatory collateral convexity flow. These findings do not resemble the known imaging manifestations of atherosclerosis. Thus, we hypothesize that the pattern of the arterial pathology we observed likely represents a steno-occlusive vasculopathy unique to HGPS. This hypothesis is further supported by the frequent and unusual finding of a severe shortsegment distal V2/proximal V3 VA stenosis, which was accompanied by prominent collateral vessel formation involving the ascending, deep cervical, occipital, and anterior and posterior spinal arteries.
Indications for neuroimaging
Indications
Many of the intracranial findings identified in our cohort mimic those found in Moyamoya, a rare progressive occlusive disease of the cerebral vasculature. Moyamoya is characterized by proliferative collateral vessel formation within the basal cisterns, enlargement of the internal maxillary and middle meningeal arteries, and slow collateral convexity flow. However, the pattern and distribution of the intracranial arterial stenoses in HGPS differ from those in Moyamoya in several important ways. Whereas narrowing and occlusion of the precavernous or cavernous segments of the ICA are commonly observed in HGPS, stenoses of the ICA terminus and proximal ACA and MCA are most often seen in Moyamoya. In our study, the ACA was more frequently stenosed than the MCA, which is opposite to what is seen in Moyamoya. Furthermore, Moyamoya does not typically involve the cervical vasculature or the distal V2/proximal V3 segment of the VA and does not involve enlargement of the anterior or posterior spinal arteries. Lenticulostriate proliferation arising from the M1 segment of the MCA is considered highly suggestive of Moyamoya, and yet it was a consistent finding in HGPS. Basal collateral vessels are not considered a feature of intracranial atherosclerosis or other arteriopathies such as intracranial arterial dissection, focal cerebral arteriopathy of childhood, or CNS vasculitis. The high prevalence of distal V2/proximal V3 segment VA stenosis, associated with enlargement of the anterior spinal artery, is also notable. The enlargement of the anterior spinal artery most likely represents an unusual arterial collateral pathway, which, in conjunction with enlarged occipital, ascending, and deep cervical arteries, serves to bypass vertebral artery stenoses, when present. Enlargement of the anterior spinal artery is rarely seen in the adult population and is described as a rare collateral pathway in patients with severe bilateral atherosclerotic disease involving the V4 segments of the VA. [20] [21] [22] Enlargement of the anterior spinal artery has previously been described in a single case of a 4-year-old child with HGPS and bilateral VA-origin occlusions. 19 In children, enlargement of the anterior spinal artery is typically associated with spinal AVMs or arteriovenous fistulas.
The location of disease in HGPS most commonly involves a short segment of the cavernous or precavernous ICA and a distal segment of the cervical VA, in addition to the proximal ACA and MCA. This uniform pattern of disease may reflect a segmental vulnerability of the vascular tree, based on arterial embryogenesis and modulated by genetics, to secondary triggers, 23 such as hypertension, hypercholesterolemia, hyperinsulinemia, and insulin resistance.
9,10 Examination of these risk factors in relation to cerebrovascular disease in HGPS requires further investigation. No instance of a cerebral aneurysm was identified in our cohort, nor were brain vascular malformations, such as AVMs or dural or pial arteriovenous fistulas, seen as can be observed in children with RASA1 mutations and hereditary hemorrhagic telangiectasia. Furthermore, the absence of imaging evidence for arterial dissection, vascular ectasia, or fusiform arteriopathy strongly suggests that the vascular pathology in HGPS differs from that of connective tissue disorders such as Loeys-Dietz and Ehlers-Danlos syndromes.
In our assessment of the vascular pathology of the mid and inferior neck, we were limited by the lack of dedicated neck imaging studies. However, we were able to identify CCA, ICA, and VA narrowing and calcification, with appearances similar to those seen in cervical arterial disease in adult atherosclerosis. In addition, arterial plaque has previously been identified within the carotid arteries by sonography in children with HGPS.
9,10 These findings suggest that the arteries within the mid/lower neck in HGPS have more in common with the atherosclerotic-like pathology of the coronary arteries seen in HGPS than they do with the steno-occlusive lesions in the brain.
In our cohort, the severity of the intracranial arterial disease was disproportionate and more severe than the disease within the neck. This is opposite to what is observed in adult atherosclerosis in which cervical occlusive disease predominates. This disparity also suggests that the arterial disease within the neck may differ from the arteriopathy within the brain. The differences in the manifestation of arterial disease in HGPS may be explained by differences between the intracranial and peripheral vasculature in general. Intracranial arteries lack a vascular adventitia and have a different sympathetic vascular innervation and responsivity to systemic hypertension than arteries in the neck. Targeted postmortem studies are needed for further evaluation.
Stroke in HGPS
Arterial ischemic stroke, with or without clinical symptoms, was seen in 60% of our patients. In patients with reports of focal neurologic deficits, symptoms were similar to those typically found in children with stroke secondary to other etiologies such as embolism, dissection, and focal cerebral arteriopathy of childhood. 24 In 44% of patients, infarct was noted on the first imaging study. Most important, no preceding stroke-like symptoms were present in more than half of these patients, suggesting that many infarcts in children with HGPS are clinically silent. Most infarcts identified on the first available imaging were in patients between 5 and 10 years of age, suggesting that stroke onset does not cluster toward the end of life when TIAs and clinically evident strokes are a more frequent cause of morbidity and mortality.
Stroke distribution included large-vessel territorial, white matter, watershed, and lacunar infarcts. The large-vessel infarctions involved all vascular territories, with a predilection for the MCA and watershed regions. PCA infarcts were observed despite the rarity of PCA stenosis. No brain stem or cerebellar infarcts were seen, despite the high prevalence of distal V2/proximal V3 segment VA stenosis, which suggests that the collateral support derived from the spinal, cervical, and occipital arteries was adequate.
Confluent white matter changes within the cerebral hemispheres were commonly seen; these may represent ischemic injury of cerebral white matter secondary to chronic hypoperfusion. 25 The absence of hemorrhagic stroke was notable, given that hemorrhagic stroke is estimated to account for approximately half of all childhood stroke with hematologic abnormalities reported as the major risk factor in most series. 26 Similar to HGPS, children with Moyamoya also most commonly experience ischemic stroke. 27 It has not yet been established whether stroke in HGPS results from the progressive cerebral arteriopathy, narrowing and/or occlusion of the arteries within the neck, emboli arising from atheromatous plaque within arteries of the neck, emboli arising from a cardiac source, or a combination of the aforementioned processes. Hypercoagulopathy is not a feature of HGPS and thus an unlikely cause of stroke in this population. 
Imaging Recommendations
Given our current understanding of HGPS, we recommend a baseline MRI of the brain and MRA of the head and neck to determine the presence and severity of cervical and intracranial disease and frequent clinical monitoring for arterial ischemic stroke.
CONCLUSIONS
We present the imaging findings related to cerebrovascular disease in the only existing neurovascular cohort study of HGPS. Arterial ischemic stroke in HGPS is common and often clinically silent. The findings of intracranial and distal VA steno-occlusive disease with collateral vessel formation and slow collateral convexity flow suggest an intracranial vasculopathy unique to HGPS; these findings are distinct from other vasculopathies of childhood and from intracranial atherosclerotic disease in the aged. Furthermore, while children with HGPS share some imaging features with Moyamoya, the location of stenoses differs; therefore, HGPS is not merely a variant of Moyamoya. The vascular imaging characteristics of the mid/inferior neck are less specific and share more similarities with atherosclerotic-like disease of the coronary arteries, also identified in HGPS, than they do with steno-occlusive lesions in the brain. This study was inherently limited by the retrospective nature of this heterogeneous cohort with variability in terms of the number and quality of imaging studies. Definitive characterization of the cerebrovascular pathology will require pathologic examination of the vessels of the head and neck. Targeted interventions for HGPS that include neuroimaging evaluations as part of a secondary outcome are being developed. It will be essential to determine whether such interventions slow the progression of vasculopathy and, ultimately, result in improved neurologic outcomes in children with HGPS.
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